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ABSTRACT: Columns are generally under bending moment and axial load at the same time. Studies done
on solid concrete columns under concentric loading have shown that FRP wrapping improves the strength and
ductility of columns. This paper presents results of testing 16 reinforced concrete columns, 8 solid and 8 hollow,
under different eccentricities. The height and the diameter of the columnswere 925mm and 205mm respectively.
Each group of sample columns was divided into two sub-groups. The first sub-groups served as a reference
and did not have any external FRP wrapping. The second sub-groups were wrapped with three layers of Carbon
FRP in the hoop direction. Sample columns were tested under concentric, eccentric (25 m and 50 mm) and
pure bending loading. Axial load—bending moment interaction diagrams were constructed for each of the
sub-groups. The effectiveness of CFRP wrapping on solid and hollow sample was compared and discussed.
1 INTRODUCTION
Increasing costs of building materials has created a
new trend of retrofitting the existing structural mem-
bers which would otherwise be insufficient due to
increased demand from the structure, adopting more
stringent design codes, or deterioration of structural
members in hostile environmental conditions. Fiber
reinforced polymer (FRP) sheet wrapping has been a
common method of strengthening reinforced concrete
columns for the last two decades. This new material’s
resistance to corrosion, excellent durability to harsh
conditions, high tensile strength to weight ratio and
ease of installation to existing structuralmembers have
made it a popular strengthening material.
There have been various studies investigating the
behaviour of FRP wrapped solid columns such as
capacity or ductility increase. However, behaviuor of
FRP wrapped hollow columns has been less investi-
gated though their frequent use as structural members
such as bridge piers. This paper investigates the effect
of Carbon-FRP (CFRP) wrapping on both reinforced
solid andhollowcore concrete columns under different
loading conditions.
2 LITERATURE REVIEW
Steel jacketing is assumed to provide a constant con-
finement to the columns after the yield strain. There
are a number of steel confined concrete stress-strain
models and most of them are based on Richart et al.’s
study (1928). Since the FRP materials exhibit a lin-
ear stress-strain behaviour under tensile loads up to
the failure, the confinement stress, fl , they provide to
the columns is highly dependant on the strain level
of FRP wrapping. Models proposed by Samaan et al.
(1998), Spoelstra & Monti (1999), Toutanji (1999)
and Teng et al. (2002) have shown that previously
defined stress-strain models for steel confined con-
crete such as Mander et al. (1988) cannot be used for
FRP confined concrete. Although none of FRP con-
fined concrete stress-strain models has been accepted
as a standard model worldwide, various studies such
as), Hadi (2007a, b) have shown that both strength and
ductility of solid concrete columns are substantially
improved after FRP wrapping.
Hollow core columns are generally preferred to
solid columns to reduce the self weight and cost of
the structures. In spite of their widespread use, even
modern design codes do not specify a special design
procedure for hollow core columns.
3 THEORETICAL CONSIDERATIONS
Although the only apparent difference from an FRP
wrapped solid column seems to be the hollow por-
tion in the center, confinement mechanism of an FRP
wrapped hollow core column under an axial load is
quite different.
For an axially loaded column, when FRP wrapping
reaches itsmaximum tensile strength, ffrp, the confine-
ment stress reaches its maximum value, fl (Figure 1).
Themaximum confinement stress provided by FRP
wrapping, fl , can be calculated using the Equations 1
and 2 for the solid and hollow core columns, respec-
tively, derived from the equilibrium of forces acting





Figure 1. Forces acting on half cut cross sections of a) solid
column, b) hollow core column under axial loading.
fl,hollow = 2ffrptfrp
(D − d) (2)
where tfrp is the total thickness of FRP wrapping, D
is the outer diameter of solid and hollow core column,
and d is the hollow core diameter.
Equations 1 and 2 imply that, for the same D,
ffrp, and tfrp; fl , is larger on the hollow core columns
because of the hollowpart. However, for solid columns
fl results in a triaxial stress state on any concrete ele-
ment within the column whereas this confinement
creates only a biaxial state of stress on a concrete ele-
ment within a hollow column resulting in less capacity
increase (Zahn et al. 1990; Yazici & Hadi 2008).
4 EXPERIMENTAL STUDY
The experimental part of this study was conducted at
the laboratories of the School of Civil, Mining and
Environmental Engineering at the University of Wol-
longong and involved testing of 16 circular reinforced
concrete columns, half solid and half hollow core. The
geometry of sample columns and testing conditions are
given in Figure 2 and Table 1, respectively.
The concrete used to cast the sample columns had
a 28 day compressive strength of 60 MPa. All speci-
mens were internally reinforced with the same amount
of steel reinforcement. Longitudinal steel reinforce-
ment consisted of evenly distributed six N12 (12 mm
diameter deformed bar) bars and tied inside a helical
steel reinforcement. The helical reinforcement was
made of R10 bars (10 mm diameter plain bar) with a
50 mm pitch.
The steel reinforcement was placed into the col-
umnmouldswith 20mmclearance to the outermoulds
(Fig. 2).
A summary of material testing is given in Table 2.
The fl values were calculated using Equations 1 and 2
for groups of SF and HF sample columns respectively.
Confinement due to helical steel was ignored.
A PVC pipe having an inner diameter of 205 mm
was used as the outer mould for both solid and hollow
core columns. A 56 mm outer diameter PVC pipe was
used to form the hollow part ofGroupsH andHF.After
Figure 2. a)General geometry of column samples, b)Cross-
section of solid column samples, c) Cross section of hollow
core column samples.
Table 1. Geometry of sample columns and testing
conditions.
Inner Internal Wrap- Test
Speci- Dia- dia- rein- ping eccen-
men meter Height meter force- configu- tricity
code (mm) (mm) (mm) ment ration (mm)




SF0 205 925 − Yes Three layers 0
SF25 of carbon 25
SF50 FRP in hoop 50
SFB direction Bending




HF0 205 925 56 Yes Three layers 0
HF25 of carbon 25
HF50 FRP in hoop 50
HFB direction Bending
setting of the concrete, the outer moulds were removed
using the previously cut joints on the PVC pipe, and
the inner PVC pipes for hollow core sample columns
were pulled out by means of a hydraulic jack.
Epoxy was used to adhere three layers of Carbon
FRP sheet on to the surface of sample column Groups
SF and HF with fibres in the hoop direction with
100 mm overlap and one CFRP layer onto another
(Figure 3). The combined tensile strengh of three lay-
ers of CFRP was tested to have 920 MPa using the
standard ASTM 3039-2006.
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Table 2. Summary of material tests and confinement stresses due to Carbon FRP wrapping.
Concrete Longitudinal Helical Combined Maximum confinement
Sample strength, steel strength steel strength tensile strength Combined thickness stress due to CFRP
Group f ′co,(MPa) (MPa) (MPa) of CFRP, ffrp, (MPa) of CFRP, tfrp, (mm) wrapping, fl , (MPa)
S 60 558.6 366.9 − − −
SF 60 558.6 366.9 920 1.60 14.4
H 60 558.6 366.9 − − −
HF 60 558.6 366.9 920 1.60 19.8
Figure 3. CFRP wrapping configurations for Sample
Groups SF and HF.
Figure 4. a) Loading Head, b) Knife edge.
One specimen from each sub-group (Specimens S0,
SF0, H0, HF0) was tested to failure under concen-
tric loading, the next two specimens were tested under
25 mm (S25, SF25, H25, and HF25) and 50 mm (S50,
SF50, H50, and HF50) eccentric loading. The final
specimen of each sub-group (SB, SFB, HB, and HFB)
was tested under pure bending.
25 mm and 50 mm eccentric loadings were applied
to the columns by means of especially designed and
manufactured loading heads and knife edges as shown
in Figure 4.
Pure bending loadwas applied to specimens (in fact
beams) SB, SFB, HB, and HFB by means of a four
point loading apparatus as shown in Figure 5.
For concentric and eccentric loading the load, P, that
was applied to the columns was measured by the inter-
nal load cell of the loading machine. For the axially
loaded specimens, the axial deformations () of the
Figure 5. Four-point loading apparatus.
Figure 6. Measurements taken for axially loaded column
samples.
Figure 7. Measurements for bending.
columns were monitored by an LVDT attached to the
moving (lower) plate of the loading device. Lateral
deformations of the specimens (δ) were monitored at
the mid height of columns using a laser displacement
sensor (Figure 6).
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For pure bending loading, the flexural load, P, and
corresponding mid-span bending deformation was
measured (Figure 7). Bending deformation was mea-
suredby anLVDTattached to the lower plate of loading
device. A hole was formed in the middle of lower part
of four point loading device to let the laser through.
5 RESULTS
All specimens were tested to failure. For 25 mm and
50mmeccentrically loaded columns, bendingmoment
capacities are calculated by multiplying the maximum
load capacity (Pmax) and the eccentricity (e). Bending
moment capacities including the secondary moments
(MII ) were also calculated as follows;
MII = Pmax(e + δ) (3)
Where Pmax = max axial load, e = eccentricity, and
δ = lateral deflection at maximum load.
Table 3 shows a summary of testing results for the
column specimens tested under concentric and eccen-
tric loading.
Table 4 shows the test results for sample columns
tested under four point loading (pure bending).
Bending moment for sample columns tested under
four point loading regime was calculated using Equa-
tion 4 derived from the moment equation for simply
supported beams.
Mmax = 0.280Pmax2 (4)
where 0.280 is the distance between one lower support
to the nearest upper loading point, and Pmax is the
maximum flexural load applied to the column sample.
Figure 8–9 shows the axial load-deformation graphs
of solid sample columns, namely sub-groups S and SF,
respectively.
Figure 10 shows flexural load-midspandeformation
of sample columns SB and SFB.
Figure 11–12 shows the axial load-deformation
graphs of hollow core sample columns, namely sub-
groups H and HF, respectively.
Table 4. Summary of results for pure bending.
Midspan
Max. Load, Deformation at M (Bending
Specimen Pmax (kN) Pmax, δ, (mm) Moment) (kNm)
SB 288.0 9.59 40.32
SFB 370.1 26.47 51.82
HB 207.2 23.04 29.01
HFB 327.7 35.65 45.88
Figure 8. Load-deformation graph for solid columns with-
out CFRP wrapping.
Table 3. Summary of test results for concentric and eccentric loading.
Axial Midheight Axial Bending
Eccen- deformation horizontal defor- deformation Horizontal Moment MII =
Max. Load, tricity at Pmax, mation at max. at failure deformation at MI = Pmaxe Pmax(e + δ)
Pmax (kN) e, (mm) , (mm) load, δ, (mm) (mm) failure (mm) (kNm) (kNm)
S0 2802.3 0 5.63 − 11.80 − − −
S25 1440.4 25 6.02 5.80 17.02 53.04 36.01 44.36
S50 1134.4 50 4.69 4.31 4.71 4.94 56.72 61.61
SF0 4504.5 0 9.70 − 12.95 − − −
SF25 3069.2 25 16.10 14.32 24.79 72.26 76.73 120.68
SF50 1527.0 50 8.62 12.14 17.11 63.02 76.35 84.50
H0 2145.4 0 4.50 − 29.04 − − −
H25 1699.5 25 7.03 4.17 21.61 36.51 42.49 49.52
H50 915.7 50 4.38 5.34 13.30 27.20 45.78 50.67
HF0 3237.7 0 12.54 − 29.90 − − −
HF25 1785.0 25 7.18 7.64 15.40 53.06 44.63 58.26
HF50 1119.3 50 8.98 12.48 19.18 53.36 55.97 69.93
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Figure 9. Load-deformation graph for CFRPwrapped solid
columns.
Figure 10. Flexural load-midspan deformation of sample
columns SB and SFB.
Figure 11. Load-deformation graph for hollow core
columns without CFRP wrapping.
Figure 13 shows flexural load-midspandeformation
of sample columns HB and HFB.
Axial load-bending moment diagrams (P-M) of all
sub-groups are shown in a single chart in Figure 14.
Figure 12. Load-deformation graph for CFRP wrapped
hollow core columns
Figure 13. Flexural load-midspan deformation of sample
columns HB and HFB.
Figure 14. P-M diagrams of all sub-groups of sample
columns.
6 DISCUSSION OF RESULTS
Increase in the axial load carrying capacity due to
CFRP wrapping for concentric loading was larger for
solid column sample as expected (60.7% and 50.9%
for sample columns SF0 and HF0, respectively).
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For 25 mm eccentric loading, solid column sam-
ple SF25 exhibited an axial load capacity increase of
113.1% compared to S25 which implied a possible
error in testing as a less capacity increasewas expected
as the eccentricity of loading increases. For the same
eccentricity (25 mm), the hollow core column sample
HF25 exhibited only a 5% axial load capacity increase
compared to H25.
For 50 mm eccentricity, SF50 exhibited an axial
load carrying capacity increase of 34.6% compared to
S50. The increase was only 22.2% for HF50 compared
to H50.
For pure bending loading, the increase in flexural
load carrying capacity was more in hollow core col-
umn samples. The flexural load carrying capacity was
increased by 58.2% forHFB compared toHB,whereas
28.5% for SFB compared to SB.
Axial deformation capacities corrsponding to Pmax
of hollow sample columns without CFRP reinforce-
ment tend to be larger than that of solid columns
without reinforcement. Likewise, the increase in the
axial deformation capacities corresponding to Pmax
of CFRP wrapped hollow core columns are generally
higher than that of CFRP wrapped solid columns for
the same level of eccentricity. However, horizontal
deformation capacities of solid columns (wrapped or
not), are generally higher than hollow core columns
for the same level of eccentricity and CFRP wrapping
configuration.
7 CONCLUSIONS
Testing results revealed that CFRPwrapping increased
axial load carrying capacity, axial and horizontal
deformation capacities of both solid and hollow core
reinforced columns at the same time. However, the
increase was more substantial for solid columns. The
column specimens were designed as short columns,
but after CFRP wrapping horizontal de-formation
capacity increased in such amounts that the secondary
moments became considerable. In other words, the
column specimens began to behave like slender
columns under eccentric loads. This problem should
be considered when the columns are being strength-
ened with FRP wrapping especially for the columns
whichwill also be subjected to eccentric loads unavoid-
ably.
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